We report on a photonic sensor with an ultralow limit of detection (LoD) based on a phase interrogation readout scheme together with an anisotropic porous silicon (PSi) membrane. First, the fabrication of porous free-standing membranes from medium doped (100) surface oriented silicon, with pore diameters suitable for the infiltration of biomolecules, around 50 nm, is reported. Then, the phase interrogation scheme for characterizing the PSi membranes is presented whose results show that while volumetric sensitivity increases with the membrane thickness, the resolution in the birefringence measurements decrease dramatically due to depolarization effects. The best LoD was found to be equal to 6:25Â 10 À6 RIU, from the thinnest 10-m-thick membrane. Finally, the thermooptic coefficient of the 10 m membrane was measured in an aqueous environment and shown to be equal to 8 Â 10 À4 rad= C.
Introduction
Today there is an ever increasing need to develop sensitive optical and photonic biosensors capable of quantitative multiparameter measurements for medical analyzes, food quality control, drug development, environmental monitoring and research applications [1] , [2] . Many are capable of being incorporated into lab-on-a-chip devices for the added advantages of performing measurements at the point-of-care and at an affordable cost [3] . A key component of these biosensors is the transducer, which is responsible for the transformation of variations in physical environmental parameters (e.g., refractive index) into a measurable signal (e.g., optical power). Porous silicon (PSi) as a transducer has unique properties. Its huge internal surface/volume ratio (on the order of 100 m 2 =cm 3 ) when functionalized by a suitable surface chemistry [4] permits a greater number of target molecules to be captured per chip area compared to planar sensors, allowing a higher integration of assays [5] . In doing so, the surface can be left either hydrophobic or hydrophilic to allow a large range of biomolecules to immobilize within the pores. Furthermore, its porosity, thickness and pore diameters can be tuned according to the biorecognition application by changing the etching conditions during the fabrication process [4] .
To date, a large volume of work has been done in the pursuit of realizing optical sensors based on PSi [6] , [7] . The simplest such device consists of a PSi layer etched into p-type silicon. The presence of a different substance in the PSi layer modifies its effective refractive index, producing a shift in the fringe spectrum [8] . More complex designs such as multilayer structures have also been studied for biosensing purposes [9] . In this case, a defect layer is buried in a multilayer structure composed of successive layers of high and low refractive index PSi. A narrow resonance is observed in the transmission spectra whose position is highly sensitive to the presence of molecules inside the defect region [10] , [11] . The main limitation of these approaches lies in the difficulty for the target molecules to infiltrate the cavity region due to differences between the porosity or pore sizes of the multilayer structure. Photonic waveguides made from PSi have been also proposed as sensors [12] where light is confined and propagated in a medium porosity layer on top of a high porosity layer. The sensing mechanism is based on the variation of waveguide-mode excitation angle when the analyte enters into the waveguide. More recently, another design based on the Bloch surface waves present at the truncated end of a 1-D photonic has been presented for sensing applications [13] . Finally, other designs have been proposed that utilize the anisotropy of PSi and the sensitivity of the associated birefringence to refractive index changes within the pores. The first uses PSi made from (110) surface oriented silicon as this presents high birefringence [14] , [15] , others are based on PSi prepared from (100) surface oriented silicon as this too presents high anisotropy when the incident light direction is tilted with respect to pore grown direction due to the difference in the effective index between the ordinary, no, and extraordinary, ne, directions. To date this dependence has only been exploited for vapor sensing through nanoporous silicon membranes [16] , [17] .
In our previous work [18] we studied the sensing properties of PSi membranes in the wavelength range from 600 nm to 1600 nm. The long term stability of the fabricated membranes was demonstrated when the PSi was thermally oxidized. Furthermore, a new model was developed in order to determine the depolarization sources and its contribution to the overall depolarization process.
In the present paper, we report on an ultralow limit of detection (LoD) sensing mechanism based on a phase interrogation scheme for characterizing the optical anisotropy of mesoporous silicon membranes. First, we report how PSi membranes with thickness of 10, 30 and 60 m were fabricated from n-type (100) surface oriented silicon allowing a pore size desirable for biomolecules infiltration, around 50 nm. The readout scheme for the birefringence measurements is then presented. It is based on the use of a photoelastic modulator to modulate the light polarization, which allows a resolution to be reached of down to 10 À7 rad. We then show how with this scheme the birefringence of the fabricated membranes was obtained by means of measuring the phase retardation as a function of the light incidence angle. Thereafter sensing results from immersing the samples in several solutions of water and ethanol are reported, demonstrating that thicker membranes are more sensitive. The resolutions that can be reached with the different membranes when measured are then shown where it can be clearly seen that when the sample thickness increases the depolarization does also, which deteriorates the resolution in the phase retardation measurement. Combining the sensitivity and the resolution results, we show that the thinnest membrane (10 m) presents the lowest LoD, being equal to 6:25 Â 10 À6 RIU (Refractive Index Unit). The last section of this work shows the characterization of the thermal stability of the 10 m thin membrane in aqueous environment, showing a thermooptic coefficient of 8 Â 10 À4 rad/RIU.
Fabrication
PSi is typically prepared by electrochemical etching of silicon using HF dissolved in water or ethanol. Parameters such as pore size, porosity and layer thickness can be adjusted by correctly choosing the resistivity of the silicon wafer, the HF concentration and the etch time [19] . In the present work, the fabrication of the macroporous silicon membranes was carried out using an n-type (100) surface oriented silicon wafer with a resistivity of 0.01 Á cm. Membranes with thicknesses of 10, 30 and 60 m were obtained via the following two step process; the first consisted of etching the PSi layer on the silicon wafer using HF with a concentration of 17% diluted in a solution of water and ethanol; the second consisted of applying a large current in order to completely dissolve the underneath of the etched layer [20] . The current density used for producing the membranes was 25 mA/cm 2 , and by applying it during 360, 600 and 1200 seconds, the 10, 30 and 60 m thick membranes were produced respectively with etch rates of 28 nm/s for the 10 m thick sample and 50 nm/s for the 30 and 60 m thick samples. Scanning electron microscope (SEM) images of the fabricated samples ( Fig. 1) show that the pore sizes of the samples were around 50 nm. An effective refractive index of 2.9 for the samples was measured from the fringes of the reflectance spectra in the infrared region, which corresponds to a porosity of about 0.3. After the optical characterization of several membranes with the same thickness we found that the differences in their optical properties (absorbance and birefringence) was smaller than 5%, which demonstrates the reliability of the fabrication process.
After the two step fabrication process, the free-standing membranes were mounted on borosilicate glass frames using a 1 m thick of PMMA (Poly(methyl methacrylate)) resist as the adhesion layer between the borosilicate frame and the free-standing PSi membrane. Before the optical characterization, the PSi samples were thermally oxidized at 200 C for 12 hours. This oxidation process has two purposes; first a thin silicon dioxide layer is formed on the pore walls so as to stabilize them, reducing the drift in effective refractive index by about one order of magnitude respect to the unoxidized samples [18] . Secondly, the thin silicon dioxide layer increases the hydrophilicity of the samples [4] for the liquids in the subsequent sensing experiments.
Theory
The optical anisotropy of PSi is a well known property for PSi fabricated (100) surface oriented silicon [17] . In order to simulate the birefringence of mesoporous silicon we used the generalized Bruggeman model [21] which assumes the static field condition, which is satisfied when the wavelength of light is much longer than the transverse pore size. In our case the static field condition is satisfied since pore diameters are in the order of 50 nm and working wavelength is 1500 nm. The generalized Bruggeman model is described by
where f i is the volume fraction of the different materials that form the PSi membrane, n i ðÞ their refractive indices, and L e;o are the depolarization tensor factors. The unknown n e ðÞ and n o ðÞ are the extraordinary and ordinary refractive and are related to the birefringence by means of ÁnðÞ ¼ n e ðÞ À n o ðÞ. Due to in the present work all the results are obtained for a wavelength of 1500 nm, from now on we will consider the values of n i;e;o , as n i;e;o ð ¼ 1500nmÞ. The depolarization tensor factors L e and L o describe the screening efficiency of external electromagnetic field inside the pores. For pores grown perpendicular to the surface they have values of L e ¼ 0 and L o ¼ 0:5 [22] . The generalized Bruggeman model has been used in the literature to simulate the birefringence of porous alumina membranes with pore sizes around 50 nm giving good accordance between the measured results and the simulated ones [22] . On the contrary, preliminary results on (100) PSi showed a discrepancy of one order of magnitude between the measured birefringence values and the simulated ones using the Bruggeman model [23] . The main reason of this discrepancy is because in mesoporous silicon fabricated from n-type substrates the pores not only grow in the h100i direction but also in the h113i directions [24] . These branches can be clearly seen in Fig. 1(b) and so for a more realistic simulated birefringence values, the pores grown in the h113i direction must be taken into account. For that we propose a simple method based on modifying the depolarization tensor factors by
where r is a parameter that relates the pore volume in the h100i direction to that of the total pore volume. According to the data given in the literature [22] , the depolarization tensors factors are L e h100i ¼ 0:0 and L o h100i ¼ 0:5 when the pores are modeled as cylinders that grow perpendicular to the sample surface. In accounting for the anisotropy of the pores grown in the h113i direction, due to the symmetry with respect to the h100i direction, the depolarization tensor factors were assumed to be L e;o h113i ¼ 1=3. Using the generalized Bruggeman model and the new depolarization tensor factors (1) was solved as a function of the porosity for different values of the r coefficient (Fig. 2) . Birefringence values are related to the phase retardation of the light parallel and perpendicular components by the following equation [17] : 
being d the PSi membrane thickness, the angle between the light beam and the vector normal to the PSi surface, and n e , n o the ordinary and extraordinary refractive index. 
Experimental
Optical birefringence can be measured by a wide variety of methods; the simplest one is based on the measurement of the transmitted light through a sample when it is placed between crossed polarizers [17] . Although this method is simple to implement, it does not provide highly accurate results and instead a photoelastic modulator (PEM) can be used [25] . In recent years, the use of a PEM has also been proposed to help improve upon the LoD of optical sensors based on surface plasmon resonance (SPR) [26] and plasmonic gratings [27] . For the measurement of phase retardation associated with the birefringence of the PSi samples, the optical setup used is the one depicted in Fig. 3 . Specifically, the output light from a stabilized 1500 nm laser (New Focus TLB-6326) is collimated and the light linearly polarized. The continuous light was phase modulated by the PEM through sinusoidal variation of its polarization. The modulated light passes through the PSi sample, which was mounted on a motorized rotation stage (Thorlabs CR1-7Z) which permits changing the sample rotation angle. After passing the PSi sample and a second polarizer the light is detected by an InGaAs photodiode which is connected to a lockin amplifier (SR-810) in order to perform the synchronous detection and measure the first and second harmonic amplitude of the signal.
The phase retardation is related to the first and second harmonics of the modulated light by [28] ÁðÞ ¼ arctan
where is the angle between the light beam and the vector normal to the PSi surface, V 1f , V 2f are the amplitude of the first and second harmonic and J 1 ðA 0 Þ, J 2 ðA 0 Þ the first Bessel function of first and second order, being A 0 the amplitude of the modulating signal (in radians). Before beginning with sample characterization the resolution of the setup was tested by taking multiple measurements of a quartz sample with a known birefringence. The measured values had a Gaussian distribution with a standard deviation equal to 10 À7 rad. By adopting the convention that the resolution is given by the standard deviation when the values have a Gaussian distribution, we obtain the resolution of our measurement system as 10 À7 rad.
Results and Discussion
Using the optical setup described in Section IV the phase retardation of the fabricated samples was measured as a function of the sample rotation angle. The first measurements were carried out in order to determine the birefringence of the different samples. After that, the phase retardation was measured when different solutions of water and ethanol filled the membranes pores. For this purpose the samples were immersed in a optical cuvette (mounted over the rotation stage) were the different solutions of water and were introduced. The LoD of the system was also obtained and lastly, the effect that temperature variation has over the PSi transducer performance was determined. 
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Birefringence
The birefringence of the fabricated mesoporous membranes is clearly related to the sensitivity, with membranes being more sensitive when they have greater birefringence. The birefringence of the membranes was obtained by fitting the measured phase retardation values to the theoretical values given by (3). The measured phase retardation values of the fabricated samples are shown in Fig. 4 where blue lines represent the theoretical values obtained from the fitting. Birefringence values of 0.06607, 0.04401 and 0.03712 were obtained for the 10, 30 and 60 m samples, respectively. A clear decrease in birefringence values when sample thicknesses increase is seen. A SEM inspection of sample cross sections confirmed that this was due to more pores growing in the h113i directions when the etching time increases.
Sensitivity
One of the two key figures of merit for an optical transducer is the sensitivity of the optical response to given changes in the refractive index of its environment. In this section the sensitivities of the three membranes are obtained by measuring the samples phase retardations when immersed in liquids with different refractive indices. The liquids employed were water ðn Water ¼ 1:328Þ and ethanol ðn Ethanol ¼ 1:354Þ, as well as solutions of ethanol in water with concentrations of 50:50 and 75:25.
The measurements were carried out by the process explained in the previous section with the only difference being that the samples were immersed in the liquids. Results in air, water and ethanol for the 10 and 30 m thick samples are shown in Fig. 5 . Three clear annotations can be (7) to experimental ones. made: firstly, a reduction in the phase retardation is observed when the refractive index of the liquids that fill the samples increases. Secondly, both phase retardation and its derivative are higher for thicker samples, thus greater sensitivities are also expected. Thirdly, the change in the phase retardation and therefore sensitivity increases with the incidence angle.
Fixing the sample azimuthal rotation angle to 45 the phase retardation was measured when the samples were immersed in a solution of water:ethanol ¼ 100 : 0; 25 : 75; 50 : 500 : 100. Fig. 6 shows the phase retardation change as a function of the solution refractive index showing a linear behavior between the liquids refractive index and the change in the phase retardation value. The phase retardation change was fitted to a linear function showing sensitivities of 1.6, 4 and 6 rad/RIU.
Limit of Detection
While the sensitivity gives an idea of the optical transducer performance, the usually more important figure of merit is the smallest refractive index change that it can respond to and be resolved, i.e., measure accurately, that is the LoD. The limit of the detection relates the sensitivity of the transducer to the resolution of the readout system by LoD½RIU ¼ ½rad @Á½rad =RIU (8) where is the measurement system resolution and @Á is the transducer sensitivity. As previously reported [18] , [29] , light scattering in an inhomogeneous medium like PSi generates incoherent light which depolarizes the light thereby deteriorating the system resolution which for our system was measured at 10 À7 rad for a quartz reference sample. The amount of depolarized light increases with the PSi sample thickness, so the system resolution needs to be tested for PSi samples with different thickness. The resolution of the measurement system was therefore obtained from the standard deviation of the birefringence measured values of the fabricated PSi samples (10, 30 and 60 m thick) when they were immersed in water. We observed that the resolution decreases dramatically when the thickness of the samples increases: going from 1 Â 10 À5 to 5 Â 10 À5 to 5 Â 10 À4 for 10, 30 and 60 m, respectively. Combining the values of the sensitivity obtained in the previous section and the resolution values obtained above, the limits of detection that can be reached with each membrane can be determined from (8) . Table 1 shows the sensitivity, resolution and LoD values for all the membranes measured. We can see that although the sensitivity increases with the sample thickness, at the same time the resolution decreases dramatically due to the depolarization. The thinnest fabricated membrane (10 m) is therefore potentially the most suitable for biosensing purposes due to its smaller LoD. 
Thermal Stability
The refractive index of the materials used to develop photonic or optical sensors, such as semiconductors or glasses is temperature dependent. Due to that, the optical properties of the transducer not only change when the refractive index of the surrounding media does, but it also changes as the temperature of the same media does.
In order to quantify this change for biosensing the thermal stability of a PSi membrane in the same aqueous environment was determined. To do so, the sample holder was placed in a closed chamber where the temperature could be increased from ambient to 50 C and a platinum temperature sensor placed within it in order to monitor its temperature. As the chamber was heated both the phase retardation as well as the sample temperature were monitored in time during a rising and falling cycle [ Fig. 7(a) and (b) ]. The phase retardations was plotted against the chamber temperature [ Fig. 7(c) ] showing a liner dependence with a slope of 8 Â 10 À4 rad= C. This value could be used to determine the resolution needed for the thermal stabilization system within an instrument based on such a sensing mechanism. Thus for a resolution in the phase retardation measurement of 10 À5 rad, a thermal control with a temperature change of 12.5 mK will produce a change in the phase retardation equal to the system resolution. This means that an active thermal control with a setpoint temperature resolution of 1 mK will provide a thermal stability for phase variation one order of magnitude better than that of the overall system phase resolution.
Conclusion
A highly sensitive device for biosensing purposes has been presented that is based on the use of a phase retardation readout scheme for the characterization of optical anisotropic of mesoporous silicon membranes. The fabrication of mesoporous free-standing membranes with pore diameters around 50 nm and thickness of 10, 30 and 60 m were reported, which are suitable for biosensing. The results of the anisotropy characterization of the fabricated membranes showed that the birefringence decreases with the sample thickness due to the amount of pores that grow in the h113i directions having increased with the etch time. The sensing experiments carried out with the membranes using different solutions of water and ethanol showed that the thinner membranes (10 m thick) present the lowest LoD, equal to 6:25 Â 10 À6 RIU. The thicker membranes have a worse LoD due to the increase in depolarization worsening the resolution of the measurement system. In the last section of the work the thermooptic coefficient of a 10 m thick membrane is measured in aqueous environment at 8 Â 10 À4 rad= C.
